We report mass-independent and mass-dependent Ca isotopic compositions for thirteen geological reference materials, including carbonates (NIST SRM 915a and 915b), Atlantic seawater as well as ten rock reference materials ranging from peridotite to sandstone, using traditional e and d values relative to NIST SRM 915a, respectively. Isotope ratio determinations were conducted by independent unspiked and 43 Ca-48 Ca double-spiked measurements using a customised Triton Plus TIMS. Keywords: mass-dependent fractionation, mass-independent fractionation, Ca isotopes, double-spike method, geological reference materials, igneous processes.
by nucleosynthetic anomaly, the decay of 40 K to 40 Ca and mass-dependent isotope fractionation. Calcium isotopic variations thus may provide important constraints on the origin and evolution of planets (Simon et al. 2009 , Huang et al. 2012 , age information by the 40 K- 40 Ca isotopic system (Marshall and DePaolo 1982 , Caro et al. 2010 and the global Ca cycle from the surface to deep mantle (De La Rocha and DePaolo 2000 , Farka s et al. 2007 , Zhu et al. 2015 . The reported d 44/42 Ca variation in terrestrial samples is about 2.0‰ (Fantle and Tipper 2014) , and thus, precise and accurate Ca isotopic measurement is essential for the use of calcium isotopes as geochemical tools.
Difficulties in obtaining high-precision Ca isotopic data include the large natural abundance difference, the large relative mass range, asymmetrical peak shapes, strong isobaric interferences in multi-collector-inductively coupled plasma-mass spectrometry (MC-ICP-MS), nonideal evaporation and ionisation processes in thermal ionisation mass spectrometry (TIMS) and degradation of Faraday cups (Heuser et al. 2002 , Fantle and Bullen 2009 , Boulyga 2010 , Holmden and B elanger 2010 , Morgan et al. 2011 , Lehn et al. 2013 , Fantle and Tipper 2014 , Zhu et al. 2016 .
Typical intermediate measurement precision for d
44/ 40 Ca is Here, we report (a) new analytical developments for Ca isotopic measurement at the Isotope Geochemistry Laboratory (State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences, Beijing) and (b) the characterisation of Ca isotopic compositions of thirteen geological reference materials. These include commonly used carbonate reference materials (NIST SRM 915a and 915b), Atlantic seawater, as well as ten rock reference materials ranging in type from peridotite to sandstone.
Two types of Ca isotopic effects
Natural Ca isotopic effects can be divided into two types, namely mass-independent and mass-dependent isotopic effects (e.g., Niederer and Papanastassiou 1984, Huang et al. 2012) . During unspiked measurements, natural and instrumental mass-dependent fractionation is internally corrected to 42 Ca/ 44 Ca = 0.31221 using the exponential law (Russell et al. 1978, Hart and Zindler 1989) ; consequently, mass-independent Ca isotopic data describe radiogenic 40 Ca excess due to 40 K decay and addition of nucleosynthetic components with nonsolar isotopic compositions. Mass-independent Ca isotopic data are commonly reported in traditional e values relative to a certain geological reservoir, for example, carbonate NIST SRM 915a (Huang et al. 2012 , Naumenko-D ezes et al. 2015 . where i can be 40, 43, 46 or 48, and subscript N represents internal normalisation to 42 Ca/ 44 Ca = 0.31221.
Mass-dependent (stable) isotopic data describe the natural isotopic variations intrinsic to the samples that occur due to atomic mass difference among isotopes. Therefore, only instrumental fractionation is corrected using the doublespike technique with TIMS (Heuser et al. 2002 , Huang et al. 2010 , Lehn et al. 2013 , Zhu et al. 2016 and the calibratorsample bracketing method with MC-ICP-MS (Tipper et al. 2006 , Valdes et al. 2014 (Farka s et al. 2011 , Huang et al. 2012 .
Published studies and associated problems
The entire d
44/42
Ca range of terrestrial samples is about 2.0‰, and thus, the use of Ca isotopes as a proxy requires precise and accurate measurement (Fantle and Tipper 2014) . Currently, stable Ca isotopic ratios can be measured with an intermediate precision ('external precision') of ± 0.10‰ on the d 44/ 40 Ca scale by TIMS and by MC-ICP-MS (Tipper et al. 2006 , Huang et al. 2010 , Lehn et al. 2013 , Valdes et al. 2014 , Zhu et al. 2015 . Comparison of stable Ca isotopic data from different laboratories is complicated, because the commonly used d 44/ 40 Ca reflects the combined effect of radiogenic 40 Ca enrichment and mass-dependent fractionation (Fantle and Tipper 2014) . Discrimination of these two types of effects can be obtained using combined massindependent and mass-dependent isotopic measurements (Huang et al. 2012 , Schiller et al. 2012 or based on simultaneously reported d
44/40
Ca and d 44/42 Ca using a 43 Ca double-spike (Huang et al. 2010 , Farka s et al. 2011 . However, these combined data have been rarely reported in the literature. For interlaboratory comparison purposes, it is necessary to better characterise both massindependent and mass-dependent Ca isotopic compositions of geological reference materials. (2015) report internally consistent Ca isotopic ratios for NIST SRM 915a and 915b using a customised Triton Plus TIMS instrument that allowed simultaneous measurement of 40 Ca to 48 Ca.
An improved exponential law using two stable isotopic ratio pairs (e.g., 42 Ca/ 44 Ca and 48 Ca/ 44 Ca) has been shown to properly correct the instrumental mass bias, and argued to work for natural samples (Naumenko-D ezes et al. 2015) . It is necessary to check whether these absolute values can be reproduced in other laboratories.
Measurement procedure Chemistry procedures
Typically, sample powders weighing 3-50 mg were dissolved in a mixture of 1.5 ml concentrated HF and 0.5 ml concentrated HNO 3 in 6-ml Teflon TM beakers at 100°C for three days. The sample solutions were then dried down and evaporated with 0.5 ml concentrated HCl at 120°C three times. The products were finally dissolved in 0.5 ml 2.5 mol l -1 HCl. For mass-independent isotopic measure- 0.1145. The spiked samples were then homogenised by refluxing at 120°C overnight, evaporated to dryness again and dissolved in 50 ll 2.5 mol l -1 HCl. Calcium was purified using quartz columns (3 mm in diameter and ca. 11 cm in length) filled with AG50W-X12 (200-400 mesh; Bio-Rad, Hercules, CA, USA) resin. Columns were precleaned and conditioned with 10 ml 6 mol l -1 HCl, 5 ml high-purity water and 2 ml 2.5 mol l -1 HCl in a stepwise fashion.
Sample solutions with~50 lg Ca were loaded using 50 ll 2.5 mol l -1 HCl. Matrix elements (e.g., Fe, Mg, Ti, K and Al)
were removed by 5 ml 2.5 mol l -1 HCl, and Ca was collected using 3.5 ml 2.5 mol l -1 HCl without collecting significant amount of Sr (Figure 1 ). Each sample was passed through the column twice. The Ca yield after two-column chemistry was about 90%. The purified Ca was then evaporated to dryness with several drops of concentrated HNO 3 for isotopic measurement. Double-distilled acids were used, and the whole procedure Ca blank typically ranged from 13 to 58 ng, which is < 0.2% of the processed samples.
Mass spectrometry
The Triton Plus TIMS at the Isotope Geochemistry Lab was equipped with a customised Faraday cup (L5) for 40 Ca and a Faraday cup (H4) for 48 Ca, allowing static measurement of masses from 40 to 48 amu. All Faraday cups were connected to 10 11 Ω resistors. All Ca isotopes and 41 K were routinely collected in one single cup configuration line as shown in Figure 2 . Calcium isotopes were typically measured with a total intensity of 100-300 pA, which yielded a 40 Ca signal of ca. 40 Ca was generally < 6 ppm and did not require correction.
A double-zone-refined Re filament assemblage was used for Ca isotopic measurements. After welding, filaments were degassed under vacuum for 10 min at 3.5 A, 20 min at 4.5 A and 30 s at 3.0 A with subsequent oxidising at room temperature for at least three days. About 5 lg Ca was loaded on the evaporation filament using 1 ll 3% HNO 3 . The solution was slowly evaporated at a filament current of 0.5 A, then heated at 1.5 A for 1 min and finally heated up to dull red for 30 s (Huang et al. 2010) . The loading blank was < 100 pg.
The Triton Plus TIMS sample wheel could host twenty-one filament assemblages. A typical measurement session Isotopic composition of NIST SRM 915a is given by a long-term mean of 237 times measurement over nine months (Table S1 ). Double-spike composition was first measured independently for four times (5 lg per load) and then calibrated for the remaining unresolved mass bias using doublespiked NIST SRM 915a data. The details are referred to the main text and Appendix S1. The errors are two times the standard error of the mean and correspond to the last figures shown. involved up to twenty-one filament assemblages hosted in a single wheel, which typically contained 2-3 NIST SRM 915a, 1-2 Atlantic Seawater or NIST SRM 915b and 16-18 unknown samples. During a measurement routine, the ion and evaporation filaments were heated up automatically. The ion filament was rapidly heated to 2500 mA in 3 min, and then, the evaporation filament was heated to 50 mA in 1 min. The ion and evaporation filaments were then heated up by increments of 50 mA and 30 mA alternately with a slope of 30 mA min -1 until a stable 40 Ca signal ranging from 10 to 30 V was obtained. Evaporation filament current was kept below 800 mA, which was important to obtain a stable instrumental mass bias. During the heating routine, 44 Ca was monitored for ion intensity. Source lenses were focused when 44 
Effect of heterogeneous evaporation: A Monte Carlo approach
During Ca isotopic measurement, the intermediate precision is always worse than the measurement repeatability ('internal precision') (Heuser et al. 2002 , Fantle and Bullen 2009 , Lehn et al. 2013 , Naumenko-D ezes et al. 2015 . This is also true for our measurements of NIST SRM 915a: the intermediate precision was two to eight times of that of measurement repeatability for single mass-independent and mass-dependent Ca isotopic measurements. For example, the two standard deviation value of d
44/40
Ca was 0.16‰, compared with the mean measurement repeatability of 0.02‰ (Tables S1 and S3) . During TIMS measurement, non-ideal evaporation and ionisation processes have been proposed as a major reason for the worse intermediate precisions observed (Fantle and Bullen 2009 , Fantle and Tipper 2014 . Sample Ca loaded on the Re or Ta filament is not an ideal point source (Fantle and Bullen 2009 , Naumenko-D ezes et al. 2015 , and mixing of signals from independent evaporation sources can lead to the violation of the commonly adopted exponential law, which leads to erroneous data ( Figure 4a ; Bullen 2009, Lehn and . The phenomenon is referred to as heterogeneous evaporation (HE) effect after Fantle and Bullen (2009) . We used a Monte Carlo approach to evaluate this effect and to test how it can be corrected for. In this approach, Ca with an isotopic composition identical to NIST SRM 915a (Table 1) was to evaporate from n (2 to 20) independent sources on a filament, and each followed the exponential law. 
where i can be 40, 42, 43, 46 or 48, and M and T represent the measured and true ratios, respectively, of each source was randomly set between 0 and an arbitrary value (b MC range, e.g., 0.01, 0.1, 0.3, 0.5, 0.7, 1.0). Contribution to the total signal from each source was also randomly set. Isotopic ratios were then calculated using the accumulated signals from all independent sources, and corrected to 42 Ca/ 44 Ca = 0.31221 using the exponential law. During our Monte Carlo approach, 100 cases were simulated for each pair of N and b MC . Simulations reveal that after internal normalisation to 42 Ca/ 44 Ca = 0.31221, ( 40 Ca/ 44 Ca) N ratios were erroneously higher than the true value due to the HE effect. Their deviations were measured as D, defined as:
This increased with increasing b MC range that measures b MC difference among independent evaporation sources, and was not correlated with the number of evaporating sources ( Figure 4 ). The b MC values during our Ca isotopic analyses were fairly constant at -0.17 ± 0.02 (2s, n = 987/ 988), except for one run that yielded a b MC of -0.11 and was treated as an outlier. In addition, the b MC value in each individual run did not change significantly with time. Therefore, the error introduced by the HE effect for Ca isotopic analyses was estimated to be < 10 ppm, which is negligible. Additional sources of uncertainty must account for the larger intermediate precision and will be discussed in the next section. The Monte Carlo simulations also reveal that the extent of deviation from the exponential law due to the HE effect is mass-dependent, which can be expressed following a formula of the exponential law:
where i can be 40, 42, 43, 46 and 48 and m refers to the atomic masses. Our simulations thus provide a theoretical explanation for the concept that the HE effect during massdependent Ca isotopic measurement can be optimised by choosing double-spike pairs based on an 'average mass rule' . The 'average mass rule' predicts a minimised HE effect when the average mass of a double-spike is close to that of the normalising ratio (e.g., using 42 Ca- Figure S1 , even theoretical runs with significant HE effect can be properly corrected by the above formula. A similar formula has been proposed for high-precision 142 Nd isotopic measurement (Caro et al. 2003) and also used for Ca isotopic measurement (Naumenko-D ezes et al. 2015) . Given that deduction of the secondary correction is only based on the exponential law and a mixing model, this secondary correction could be applicable for high-precision isotopic measurement for other radiogenic isotopes with at least two stable isotopic ratio pairs to correct for possible HE effect. Specifically, this secondary correction was not adopted for the mass-independent Ca isotopic data reported in this study, because HE effect is negligible and time-dependent drift in the measured ( 48 Ca/ 44 Ca) N that will discussed below may cause additional errors.
Mass-independent isotopic compositions of geological materials Time-dependent drift of Faraday cup efficiency
During seventeen analytical sessions, 256 unspiked NIST SRM 915a measurements were carried out to monitor possible Faraday cup efficiency drift and the intermediate measurement precision (over 9 months) of mass-independent Ca isotopic determinations ( Figure 5 and Table S1 ). (Figure 4a and section 'Effect of heterogeneous evaporation'), and thus, it cannot account for the low ( 40 Ca/ 44 Ca) N values (Figure 5a ). The low ( 40 Ca/ 44 Ca) N of the outlier runs can be explained by selective loss of the 40 Ca ion collected in the low mass edge Faraday cup, but without any effect on other isotopic ratios. The only explanation of this phenomenon is clipping on 40 Ca after ionbeam dispersion, for example, interaction with the metal mask in front of the L5 cup, which is used to keep the peak shape of 40 Ca same to other masses. 
Mass-independent isotopic compositions of NIST SRM 915a
It is important to check whether internally corrected Ca isotopic ratios of NIST SRM 915a from different laboratories are consistent. Two hundred and thirty-seven runs of unspiked NIST SRM 915a yielded mean ( 40 (2015) . After a secondary correction using Equation (7) 
Intermediate measurement precision and measurement bias
Mass-independent Ca isotopic variations of twelve geological reference materials and NIST SRM 915a, including carbonate, seawater and rock reference materials ranging from peridotite to rhyolite, were measured and reported relative to the mean NIST SRM 915a value of each session as conventional e values ( Ca observed in these reference materials should reflect variable radiogenic 40 Ca enrichment.
Eleven of twelve geological reference materials showed e

40/44
Ca within ± 1.1 relative to NIST SRM 915a. The granodiorite reference material GSP-2 with K/Ca~3.05 (atomic ratio) showed a measurable 40 Ca enrichment with e 40/44 Ca up to 4.04 ± 0.15 (2SE). Despite a high K/Ca ratio (up to 3.85), granite reference material GBW07103 (GSR-1) yielded a e 40/44 Ca value of -0.35 ± 0.28 (2SE) and no detectable radiogenic 40 Ca ingrowth compared with peridotite and basalt reference materials. The emplacement age of GBW07103 and GSP-2 are unknown, but the former must be substantially younger than that of the latter. Previous studies have shown that only ancient samples with high K/Ca ratios may have significant 40 Ca enrichment, since 40 K has a very low relative abundance (ca. 0.12‰), while 40 Ca is the most abundant Ca isotope (Marshall and DePaolo 1989 , Simon et al. 2009 , Caro et al. 2010 .
Whether the commonly used reference material NIST SRM 915a has measurable radiogenic 40 Ca excess is still under debate (Simon et al. 2009 , Caro et al. 2010 , Fantle and Tipper 2014 . For example, Simon et al. (2009) reported that BSE is slightly depleted in radiogenic 40 Ca with e It is noted that these three studies rely on a totally different set of samples. However, at ± 1e level, all studies found no measurable 40 Ca excess for NIST SRM 915a compared with most silicate rocks.
Stable isotopic compositions of geological materials Optimisation of double-spike to sample Ca proportion
Measurement repeatability can be improved by optimising the spike-to-sample ratio in the spike-sample mixture (q) (Rudge et al. 2009 , Lehn et al. 2013 , Feng et al. 2015 . The measurement repeatability of single double-spiked runs in this study was modelled after Lehn et al. (2013) , assuming a total ion beam of 20 V, 120 cycles of static data acquisition in a single Faraday cup line and an integration time of 16.776 s. The modelled results are shown in Figure 6 , which suggest an optimised q ranging from 0.05 to 0.20. This leads to a theoretical measurement repeatability on d 44/ 42 Ca of~0.025‰. q was practically adopted to be 0.15 in this study. Twenty-eight runs of double-spiked NIST SRM 915a with a total ion beam within 20 ± 1 V yielded a mean measurement repeatability of 0.030 ± 0.014‰ (2s) Table 2 .
Mass-independent isotopic compositions of reference materials relative to NIST SRM 915a Raw data are listed in Table S2 , and e values are calculated relative to the mean values of NIST SRM 915a for each session. Literature data sources: a, Naumenko-D ezes et al. Ca values of 0.00 ± 0.02‰ and 0.00 ± 0.03‰, respectively. This confirms the wide range of optimised q for high precision and accuracy predicted by the theoretical calculations (Figure 6 ).
Intermediate measurement precision and measurement bias
Intermediate measurement precision and accuracy for stable Ca isotopic determinations were estimated based on duplicate results of geological reference materials and interlaboratory comparison. Most previous studies use d 44/ 40 Ca to report mass-dependent Ca isotopic variation.
Because of possible radiogenic 40 Ca contribution (see Ca to be calculated using the double-spiked runs (Farka s et al. 2011) . It is important to assess the measurement precision and bias of e Ca was between 1.0 and 1.9 for single measurements (Table S3) Ca could be better than 1.0, with an average of 0.68, provided each sample was analysed eight times (Table 3 ). e 40/44 Ca values calculated using the double-spiked runs were consistent within ± 1.0 with those measured in independent unspiked runs ( Figure 9 ). In summary, d 44/42 Ca and e 44/40 Ca could be measured simultaneously within ± 0.03‰ and ± 1.0, respectively, if each sample was analysed eight times using a 43 Ca double-spike technique and the data processing procedures reported here.
Stable Ca isotopic compositions of geological reference materials
We report stable Ca isotopic compositions of twelve commonly used geological reference materials relative to NIST SRM 915a (Table 3) . As noted above, these data are in general consistent with the literature data within quoted errors after correction of radiogenic 40 Ca contribution.
Combined with literature data, new values have been calculated for eleven of twelve reference materials as errorweighted means after Craddock and Dauphas (2010) and listed in Ca from 0.265 ± 0.014‰ (2SE) to 0.381 ± 0.007‰ (2SE), systematically lower than peridotite JP-1 (0.536 ± 0.009‰; 2SE). This is consistent with the previous observation that basalts have stable Ca isotopic compositions lighter than the mean upper mantle (Figure 10) (Huang et al. 2010 , Valdes et al. 2014 Ca has been previously reported. Literature data for seawater represent median values of the data compilation from Fantle and Tipper (2014) . He119 (COQ-1) was only measured on TIMS one time, and intermediate precision for single measurement is given for the errors. These data were not used to calculate the mean value and standard deviation for e 40/44 Ca. Recommended values (RV) are given, if consistent data from at least two independent laboratories were integrated.
identified by the elevated Sr/Nb in basalts Ca and Eu* (Figure 10d ) may further suggest insignificant Ca isotope fractionation during fractional crystallisation of plagioclase. All mafic to felsic igneous samples with light Ca isotopic compositions tend to have high (Dy n / Yb n ) (Figure 10e ), an indicator of residual garnet (He et al. 2011) or garnet crystallisation during differentiation (Macpherson et al. 2006) . Garnet has a stronger Ca-O bond than clinopyroxene and thus likely has substantially heavier Ca isotopes than clinopyroxene and other Ca-rich minerals (e.g., amphibole and plagioclase) (Magna et al. Ca magmas.
The commonly used certified reference material NIST SRM 915a has been exhausted and replaced by NIST SRM 915b. Therefore, it is important to calibrate NIST SRM 915b Ca could be measured simultaneously with a precision of ± 0.03‰ and ± 1.0, respectively, provided that each sample was analysed eight times. We provide a comprehensive data set of both mass-independent and mass-dependent Ca isotopic compositions of thirteen geological reference materials. This will allow future interlaboratory calibration of Ca isotopic measurement. 
Measurement of igneous reference materials yielded
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